Cross-section classification is one of the key concepts in the design of metallic structures.
Introduction
Section classification addresses the susceptibility of a cross-section to local buckling and defines its appropriate design resistance [1] . This concept, which is adopted in Eurocode 9 (EC9) [2] , treats cross-sections on an element by element basis, ignoring the benefit of element interaction, and utilises an elastic-perfectly plastic material model, excluding the beneficial influence of strain hardening. Ignoring these two effects is generally conservative, as illustrated later, when the classification criteria in EC9 are re-assessed against approximately 900 experimental and numerical results.
As an alternative to the EC9 classification framework, utilisation of the full crosssection slenderness as the slenderness parameter, as adopted in the continuous strength method (CSM) [3] and the direct strength method (DSM) [4] , is considered. Note that this classification framework is therefore called 'classification based on full cross-section slenderness' to distinguish it from the traditional EC9 classification framework. Departing from the existing EC9 slenderness definition, the full cross-section slenderness parameter, 3 λ p , as defined in Equation (1) , where f y is the material yield stress (or 0.2% proof stress) and σ cr is the elastic buckling stress of the full cross-section under the applied stress distribution, considering both the interaction between the constituent elements of the cross-section and the loading to which the cross-section is subjected.
The two section classification frameworks provide discrete design capacities for four different classes of cross-section [5] . On the basis of a large collected pool of experimental and numerical results described in Section 2 of this paper, revised slenderness limits for the existing EC9 classification framework (Section 3) and the full cross-section slenderness framework (Section 4) are proposed. Slender (Class 4) cross-sections are considered in Section 5, while comparisons and reliability analyses are presented in Section 6.
Review of existing experimental and numerical data
Previous test data on aluminium alloy stub columns, simply supported beams and continuous beams, together with numerical results from parametric studies, have been collected and analysed herein. The assembled results are summarised below.
Stub columns
Stub column test results on different aluminium alloy tempers and a wide range of cross-section types of various proportions have been collected. The stub column data pool includes a total of 346 results, with both closed and open sections: 110 square and rectangular hollow sections (SHS/RHS) [6] [7] [8] [9] [10] [11] [12] [13] [14] , 203 plain channel sections [12, 15] and 33 angle sections [16] . The average measured cross-sectional dimensions and material properties can be found in the cited papers. The specimens cover all four classes of cross-sections, as defined by EC9
[2].
Simply supported beams
For cross-sections in bending, 53 experimental data points obtained from three-point bending tests on SHS/RHS and I sections [18] [19] [20] , as well as 38 data points from four-point bending tests on SHS/RHS [17, 18, 19, 21, 22] have been assembled. In addition, a total of 192 numerical results from validated finite element models of aluminium alloy beams (half in three-point bending and half in four-point bending) have been collected [18 and 19] . A wide spectrum of b/h (width-to-height) ratios (0.3-3.6) and b/t (width-to-thickness) ratios (4.3-55.1) are covered by the numerical results.
Continuous beams
For continuous beams, data from an experimental program featuring 46 SHS/RHS test specimens with and without internal cross stiffeners [19, 23] , have been collected. The beams were tested in three symmetrical five-point bending configurations. Both normal strength (i.e.
6063-T5) and high strength (i.e. 6061-T6) aluminium alloys were considered. In addition to the experiments, a numerical parametric study was also conducted, and the 210 generated results [19, 24] are utilised in the present study.
EC9 classification framework
EC9 [2] defines four classes of cross-sections, while the American [25] and Australian/New Zealand [26] specifications classify cross-sections into three categories according to their failure modes: yielding (equivalent to Classes 1 and 2 in EC9), inelastic buckling (equivalent to Class 3 in EC9) and elastic buckling (equivalent to Class 4 in EC9).
There is also some variation between the slenderness limits adopted in the different design standards -this is attributed to the pool of available structural performance data utilised in their development and to the different regional practice in terms of structural reliability [27] .
The classification of cross-sections in EC9 [2] depends on their most slender constituent element. The adopted slenderness measure is β/ε, which takes account of the flat width-to-thickness ratio of the element b/t and the yield stress f y , as given by Equation (2) . A reduction factor is used to allow for the applied stress distribution. For example, for elements in pure bending, the element width is multiplied by a reduction factor of 0.4, as given by Equation (3). 
Note that the unit of f y must be in MPa.
Slenderness limits are given in Table 5 .2 of EC9, and repeated in Table 1 of the present paper. These limits depend on the way in which the elements are supported (either one edge supported as outstand elements or two edges supported as internal elements), the stress distribution (uniform compression or varying stresses), and the heat treatment. Since the influence of stress distribution is considered when calculating the slenderness β/ε, the same class limits are applied to both uniform compression and flexural elements. Table 1 also presents slenderness limits from EN 1993-1-1 [28] for carbon steel and EN 1993-1-4 [29] for stainless steel. Owing to the differences in the Young's Modulus, the Poisson's ratio and the base strength used to normalize the yield stress between the different codes, the aforementioned limits have been converted to a common basis that is compatible with the EC9 slenderness definition. 
Cross-sections in compression
For cross-sections under pure compression, the key concern is whether the section is 'fully effective'. Those cross-sections that can attain the yield load are considered to be 'fully effective', and are defined in EC9 [2] as being either of Class 1, Class 2 or Class 3, while Class 4 sections fail by local buckling below the yield load. Hence, the design capacities for Classes 1, 2 and 3 sections are the yield load Af y , while for Class 4 sections, the gross area A is replaced by the effective area A eff , determined on the basis of a reduced thickness t eff to allow for local buckling. This is discussed further in Section 5.1 of the paper.
Class 3 slenderness limit
The slenderness limits in EC9 [2] are presented individually for different aluminium alloys, categorised as either Class A or B materials in Table 3 Fig. 3 and the rotation capacity R is plotted in Fig. 4 . Based on these plots, the slenderness limits for Class 3, 2 and 1 cross-sections are assessed in the following sub-sections.
Class 3 (4) and (5). A required rotation capacity R=3 is generally deemed sufficient for the plastic design of steel structures [30] , and this value is also adopted in the present study for aluminium alloys.
Equations (4) and (5) are used to determine the rotation capacity from three-point and four-point bending tests respectively, where θ pl and κ pl are the elastic rotation and curvature corresponding to the plastic moment capacity M pl and, θ rot and κ rot are the rotation and curvature at the point where the moment resistance drops back below M pl .
The collected rotation capacity results are plotted against slenderness β/ε in Fig. 4 .
Similar to equivalent data from carbon steel [31] and stainless steel [32 and 33] , significant scatter exists in the rotation capacities of aluminium alloy beams. This is attributed largely to the effects of moment gradient, material properties, the interaction of constituent plates, as well as premature tensile fracture in the case of some of the less ductile aluminium tempers.
There is also generally inherent scatter associated with characteristics that are based on horizontal measures (e.g. rotation capacity) on relatively flat regions of graphs (e.g. moment -rotation curves). In common with other design treatments, only the influence of element slenderness on rotation capacity is considered herein. Despite the scattered nature of the data, the anticipated trend is clear, and the Class 1 slenderness limits for Class A and B materials, currently lying at β/ε = 11.0 and 13.0 respectively, may be seen to be rather strict, particularly when compared to the more relaxed limits applied to carbon steel [28] and stainless steel [29] -see Table 1 . A Class 1 slenderness limit of β/ε = 15.0, in line with stainless steel, for both Class A (Fig 4(a) ) and B (Fig 4(b) ) material is proposed herein based on the collected aluminium alloy data. Unfortunately, no rotation capacity data for outstand elements were found in the literature and thus the corresponding limits cannot be assessed. A summary of the proposed slenderness limits in the EC9 classification framework is given in Table 1 . 
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Internal elements of Class B material EC9 Class 1 limit for Class B material EC9 Class 1 limit for Class A material Proposed Class 1 limit for Class A and B material
Classification based on full cross-section slenderness
A drawback to the existing EC9 classification framework [2] is that the slenderness parameter β/ε does not account for the interaction between the constituent elements that make up the cross-section, and classification is based on the most slender element. This does not present a problem for cross-sections comprising elements of equal slenderness, e.g. SHS in pure compression, which were used to establish the slenderness limits in EC9, as explained by Faella [34] . However, when this is not the case, the more slender elements receive additional restraint from the less slender elements, improving their boundary conditions and enhancing their buckling stress [34] [35] [36] . In this section of the paper, a new local buckling classification framework for aluminium alloys, based on the slenderness of the full crosssection (see Table 2 ) , is described.
Slenderness parameter
Local slenderness is the key parameter for cross-section classification. Following the continuous strength method (CSM) [3] and the direct strength method (DSM) [4] , the proposed classification system uses the full cross-section local slendernessλ p (see Equation (1)) to replace the EC9 slenderness parameter β/ε. The elastic local buckling stress σ cr used in Equation (1) is for the full cross-section, allowing for interaction between elements, i.e.
unlike considering local buckling on an element by element basis, by considering a single elastic buckling stress of the full cross-section allows more slender elements to benefit from restraint from less slender adjoining elements. This elastic buckling stress can be determined by means of analytical approximations [36] , numerical tools, such as finite element or finite strip analysis (e. g. CUFSM [37] ), or any other rational means. In the present study, the software CUFSM [37] was used. 
Class 3 slenderness limit
To determine the Class 3 slenderness limit for stub columns, the ability of the crosssection to attain the yield load Af y is assessed. Classes 1, 2 and 3 sections should be capable of reaching this yield load prior to failure by local buckling, and meanwhile these sections may also benefit from strain hardening under increasing plastic strains. Conversely, stub columns with Class 4 sections fail by local buckling before reaching the yield load. The collected stub column test results are plotted in Fig. 5 , which also includes the slenderness limit from the CSM [6] ,λ p =0.68, that denotes the boundary between non-slender and slender sections. In the CSM, atλ p =0.68, the cross-section limiting stress f csm is equal to the yield stress f y , whileλ p ≤0.68 leads to f csm greater than f y , and vice versa [38] . The slenderness limit between non-slender and slender sections in a proposed extension of the DSM [4] to aluminium alloys by Zhu and Young [17] was 0.713. The collected bending test and FE moment capacities M u are normalised by the elastic moment capacity M el and plotted against the full cross-section slenderness in Fig. 6 to assess the Class 3 slenderness limit. As for stub columns, the CSM slenderness limit ofλ p =0.68 appears approximate to differentiate between slender and non-slender cross-sections and is recommended herein. 
Class 2 slenderness limit
Class 2 cross-sections are able to reach their plastic moment resistance but have insufficient rotation capacity to allow plastic design. The moment capacities from the collected tests and FE simulations have been normalised by the plastic moment capacity M pl and plotted against the full cross-section slenderness in Fig. 7 . The Class 2 slenderness limit equivalent to that of β/ε = 16 in the EC9 framework isλ p =0.50, which may be seen in Fig. 7 to provide a good representation of the point at which the collected data pass through M u /M pl = 1.0. The value ofλ p =0.50 for the full cross-section Class 2 slenderness limit is therefore proposed. 
EC9 framework
The local buckling reduction factor is implemented in EC9 through an effective thickness formula. A first requirement of the formula is that it is compatible with the Class 3 slenderness limit (i.e. when the slenderness of an element is equal to the Class 3 limit, its local buckling factor ρ c should be equal to unity). For aluminium alloy internal elements, it was proposed that the Class 3 limit for Class B material is harmonized with the limit for Class A material (β/ɛ=22.0). For consistency, it is also proposed that the effective thickness formula for Class A material, specified in Clause 6.1.5 of EC9 (see Equation (7) For outstand elements, it is proposed herein that the existing Class 3 limit in EC9
(β/ɛ=6.0) is retained for Class A material. Hence, the effective thickness formula (Equation (8)) currently given in Clause 6.1.5 of EC9 [2] is assessed against more than 200 compression test results. The curve (Equation (8)), which is shown Fig. 9 (c), may be seen to provide a reasonable and safe fit to the test data. It is suggested to retain the current effective thickness formula for outstand elements of Class A aluminium alloys. 
Classification framework based on full cross-section slenderness
In the classification framework based on full cross-section slenderness, the effective thickness formula is now presented in terms of the slenderness parameterλ p for compatibility with the approach of Section 4. The relationship between the normalised capacity N u /Af y (i.e.
the local buckling reduction factor ρ c ) and slendernessλ p can be expressed in the same general format as the DSM design curve [4] , the CSM base curve for slender sections [38] , as well as the Winter curve [39] . On this basis, Su et al. [38] proposed the expression given by Equation (9) . A total of 346 available test results on compressed aluminium alloy crosssections is plotted in Fig. 10 , including Class A and B materials, as well as internal and outstand elements. It can be observed that the proposed expression provides a good representation of the collected data. 
Comparison of results and reliability analysis
In order to verify the suitability of the proposed slenderness limits and the corresponding effective thickness formulae, reliability analysis was performed against a total of approximately 900 collected experimental and numerical results. The analysis was performed using the first order reliability method (FORM) and criteria set out in EN 1990 [40] . The random variables were the key geometric and material properties featuring in the The reliability analyses were performed for the Classes 2 and 3 slenderness limits using the following steps: first, a best fit line was fitted to the experimental and numerical data sets using least squares regression, as shown in Figs 11-14 ; second, the best fit line was scaled down to obtain the design resistance line r d ; third, to allow for the effect of the material over-strength (i.e. f mean /f nom ), the design resistance equations were multiplied by this ratio; finally, the required partial factor γ M0 for the different slenderness limits was defined as the ratio of the nominal resistance, from the EC9 resistance model, to the design resistance (r d ×f y,mean /f y,nom ).
Stub columns
The design approaches in EC9 [2] were used together with the existing and proposed slenderness limits, as well as the effective thickness formulae, to predict the capacities of 346 stub columns. The accuracy of the existing and proposed slenderness limits is shown in Table   3 . According to Table 3 , the predicted capacities were found to be more accurate when adopting the newly proposed slenderness limits. Meanwhile, the coefficients of variation (COV) are also reduced when using the proposed slenderness limits. The stub column test data were also used to assess the partial factor γ M0 , in accordance with the aforementioned procedure. For the EC9 slenderness limits, the test results for Class A and B material were used together to perform the reliability analysis, owing to the limited number of results for cross-sections of Class B material. The required value of γ M0 for the Class 3 slenderness limit for internal elements under uniform compression (β/ε=22.0) was found to be 1.36, as shown in Fig. 11(a) , which is higher than the target value of 1.10.
However, the slenderness limit β/ε=22.0 has been utilised in EC9 for some years, and may therefore be considered, on the basis of historical precedent, to be satisfactory for aluminium alloy cross-sections in compression. For outstand elements such as angles and channels, the required value of γ M0 was found to be 1.24, as illustrated in Fig. 11(b) . For classification based on the full cross-section slenderness, the required value of γ M0 for the Class 3 slenderness limit was found to be 1.33; again, although this is greater than 1.10, the proposed Class 3 slenderness limit ofλ p =0.68 does , in fact, correspond to the existing slenderness limit β/ε=22.0 in EC9, and is stricter than the equivalent slenderness limit employed in the DSM of λ p =0.776 for carbon steel [4] andλ p =0.713, which has been proposed for aluminium alloys [17] . On this basis, the proposed limit of 0.68 is deemed acceptable. 
Simply supported beams
In this section, the cross-section bending resistances obtained from the experiments and FE analyses are compared with the design strengths predicted by EC9 [2] , as summarized in Table 4 . On average, the proposed slenderness limits in both the EC9 and full cross-section slenderness frameworks yield slightly improved design accuracy, but with similar levels of scatter compared with the existing classification limits. The harmonised slenderness limits apply to both Class A and Class B aluminium alloys. A statistical analysis was also carried out to assess the reliability of the slenderness limits for cross-sections in bending. Note that no statistical analysis has been conducted for the Class 1 limit due to the inherently highly scattered nature of rotation capacity data [1, 41, 42] . In terms of the Class 2 and 3 slenderness limits in the EC9 framework, the key results are shown in Figs. 13 and 14 for Class A and B material, respectively. Following the EN 1990 reliability analysis, the required partial factors γ M0 were found to be 1.10 or less for all cases except the Class 2 limit for Class A material, where a value of 1.20 was determined.
Meanwhile, for the classification framework based on the full cross-section slenderness (see 
Continuous beams
The slenderness limits examined in the previous sections in relation to stub column and are shown in Table 5 . The comparisons reveal slightly improved average strength predictions when the new slenderness limits are adopted, but remaining on the safe side, as well as a general reduction in scatter. 
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